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The sheeting of dough is a critical unit operation widely used in food manufacturing for products such as pasta, biscuits, crackers, and cookies. It is also the preferred method used for the industrial-scale production of noodles (Hoseney 1994; Levine 1996) . There are vast differences in the sheeting characteristics of doughs made from flours of different protein contents, wheat cultivars, and water content. Characteristics of the sheeted dough can range from those that are extremely tough to those that lack any elasticity (Faridi and Faubion 1990; Kruger 1996) . In consequence, they cause problems during sheeting and handling and also have a significant effect on the final quality of the products.
The flows encountered during the sheeting process contain a strong extensional component and they have more stretching than simple shear (Eastman et al 2000) . Evaluating the properties of the extensional rheological flow of wheat flour dough is essential to better understand the sheeting process and the final quality of the products.
Available information on the fundamental rheological properties of dough for the sheeting operation is not adequate. Currently, some commercial equipment is available to measure experimental extensional rheological characteristics of dough, such as the extensigraph, which is widely adapted by the bakers as an indication of the extent of dough resistance to extension for evaluating the baking performance of the flour. However, the extensigraph involves dough that has already been completely developed and is quite different in water content from that used for noodle making (Sutton et al 2003) .
An alternative test needs to be evaluated that would measure the extensibility characteristics and rheological properties of sheeted dough that are applicable to the conditions during the sheeting process and to dough with a lower water content than in breadmaking. The lubricated squeezing flow technique involves the compression of a fluid between parallel plates under perfect slip conditions at plate-fluid interfaces. Perfectly lubricated samples experience only extensional deformation. Because the dominant flow encountered during the sheeting process is an extensional component, the lubricated squeezing flow technique is well suited for measuring extensional rheological properties of dough.
Extensional rheological properties have been investigated for food materials such as peanut butter, cream cheese, melted cheese, wheat flour dough, and cookies Osorio et al 2003) . Huang and Kokini (1993) investigated the biaxial extensional viscosity of wheat dough containing 43.2% water with three different protein contents and concluded that the biaxial extensional viscosity increased as protein content increased under their test conditions. Miller and Hoseney (1997) successfully related the extensional viscosity to cookie diameter and suggested the lubricated uniaxial compression to be an appropriate technique for predicting the cookie baking quality of soft wheat cultivars. Dobraszczyk et al (2003) related the extensional rheological measurement to the stability of gas cell walls in bread dough and concluded that the strain hardening index derived from the extensional rheological data can be a useful indicator of baking quality in breadmaking.
The aim of this research was to investigate and measure biaxial extensional viscosity using the lubricated squeezing flow technique for the sheeted dough prepared from different wheat cultivars, protein contents, and moisture content while making noodles.
MATERIALS AND METHODS

General Chemical and Physical Properties of Flour Samples
Eight flours commercially milled and extracted from mill flows near the final stages for flour blending to prepare the high strength flour (i.e., bread flour), medium strength flour (i.e., noodle flour), and low strength flour (i.e., cake flour) from three different wheat cultivars including Dark Northern Spring (DNS), Hard Red Winter (HRW), and Western White Wheat (WW) provided by Chia Fa Enterprise (Taichung, Taiwan) were used for further testing. The flours used in the study are numbered and their chemical properties are listed in Table I . Flour chemical composition and physical properties of dough were determined according to the Approved Methods of AACC International (2000). Flour moisture, ash, and damaged starch content were determined according to Approved Methods 44-40, 08-01, and 76-30A, respectively. The physical dough and the starch gelatinization properties were characterized with the farinograph, extensigraph, and RVA according to Approved Methods 54-21, 54-20, and 76-21, respectively . Tables II to IV show the farinograph, extensigraph, and RVA results of eight flours.
Measuring Biaxial Extensional Viscosity
The samples used for the lubricated squeezing flow test were prepared by mixing 500 g of flour with distilled water for 8 min in a stand mixer (model K5SSWW, KitchenAid) to obtain doughs with water contents of 32, 34, 35, 36, 38, and 40% . After mixing, the undeveloped dough was rested for 15 min before the sheeting process. During the sheeting process, conducted by experienced personnel, the dough was passed six times through the rollers of a noodle making machine (Li-Tru, Taiwan) with an adjustable gap size profile to form a dough sheet with a final thickness of 6 mm, which was measured by a dial thickness gauge SM-112 (Teclock, Japan). A disk-like dough sheet 40 mm in diameter was cut with a molding ring and rested in a sealed plastic bag for 15 min before extensional viscosity testing.
The biaxial extensional viscosity behavior of dough was measured using a texture analyzer (TA-XT2i, Stable Micro Systems) operated at a constant downward speed. The geometry to conduct the experiment consisted of the bottom fixed plate where the sample was placed and the upper plate 75 mm in diameter. The samples were lubricated with silicone oil to minimize frictional effects and to ensure extensional deformation only, and compressed to 50% of their initial thickness by lowering the top plate at constant crosshead speeds. For each treatment, lubricated squeezing flow test was operated at four crosshead speeds (0.1, 0.3, 0.5, and 1.0 mm/sec).
During each test, the crosshead speed selected was kept constant and the compression force (f, N) which is a function of time (t, sec) was obtained.
The mathematical derivation first developed by Chatraei et al (1981) was used to compute the biaxial extensional viscosity and the biaxial extensional strain rate. The assumptions made were 1) perfect slip at the fluid-plate interfaces; 2) negligible end effects; 3) incompressible fluid; and 4) isothermal condition.
The sample thickness (h), which is a function of time (t), decreases linearly during testing (1) where h 0 is the initial sample thickness 6 mm, and u z is the crosshead speed (mm/sec). The large deformation of the sample is expressed as the Hencky Strain
The biaxial extensional strain rate ( B ε& ) equal to one half the vertical Hencky strain rate can be calculated as
Biaxial stress (σ B ) can be calculated depending on the degree of fill between the plates during testing (4) (5) where R is the radius of the plate, and r is radius of the sample. When the gap is filled with an incompressible material, the sample volume is constant (6) where R 0 is the initial radius of the sample. For partially full gap employed in this study, the biaxial stress can be obtained as (7) and biaxial extensional viscosity (η B ) can be calculated as (8) 
Data Analysis
The experiments were conducted in triplicate at room temperature for each sample. Data were analyzed by regression analysis using a commercial statistical software package (Statistica, StatSoft).
RESULTS AND DISCUSSION
Biaxial extensional viscosity and extensional stress (Fig. 1 ) of sheeted dough (32% water) prepared from the flour of mixed wheat of DNS and HRW in a 4:6 ratio are plotted against biaxial extensional strain rate. At low extensional strain rate, the compressed dough exhibits extensional thickening, also known as strain hardening (Spitael and Macosko 2004) , which is defined as an increase in the extensional viscosity above the linear viscoelastic curve. At a maximum extensional viscosity (η Bmax ), the extensional thinning behavior is observed in that the extensional viscosity exhibited a mild decline at a high biaxial extensional strain rate. A typical curve displayed a region of extensional thickening, followed by a region of mild extensional thinning, which gave rise to the s-shaped extensional stress-strain rate curve.
Glutenins are reportedly the largest protein molecules in nature (Wrigley 1996; Singh and MacRitchie 2001) . The hydrated glutenin with a molecular weight above a certain value in wheat flour dough appears to determine its extensional properties (Singh and MacRitchie 2001) . Ewart (1968 Ewart ( , 1972 Ewart ( , 1979 has proposed the structure of the glutenin in dough for dough development as linear (unbranched) glutenin molecules built up from subunits joined by disulfide linkage and continuity of the glutenin network depends on the secondary force (noncovalent cross-links). Ewart (1990) also pointed out that when the extensional stress is applied to the dough, the viscosity of the sheeted dough depends largely on cooperating intermolecular associations between protein molecules. Dobraszczyk et al (2003) have argued that, when subjected to extensional flow field, large polymers are extended and aligned by deformation, and physical entanglement between the polymer chains causes a very substantial increase in viscosity on stretching. Our findings reveal that the extensional thickening behavior may arise mainly from the physical entanglement coupling of the large glutenin molecule, causing a substantial increase in viscosity in extension (Fig. 1) . Upon reaching a maximum extensional viscosity, the deformation force exceeds the strength of intermolecular associations, possibly resulting in the destruction of entanglement junctions and subsequent alignment of glutenin backbones, yielding a continuous decrease in extensional viscosity. Our results support the argument of Ewart (1990) that the extensional viscosity of the dough subjected to extensional deformation depends largely on cooperating intermolecular associations between protein molecules. Figure 2 shows that the difference between the extensional viscosity curve of the dough sheets prepared from the flours of three wheat cultivars (DNS, DNS+HRW, and WW) and mill flows (F1, F2, and F3) can be discriminated. The maximum extensional viscosity (η Bmax ), and extensional flow behavior parameters obtained from the power law σ R = k( B ε& ) n , for the region of extensional thinning are given in Table V , where k is the consistency coefficient and n is extensional thinning index. The lower n = 0.89-0.96 of the dough sheet prepared from the flour of DNS wheat is shown, compared with n = 0.65-0.74 from the flour of HRW and DNS wheat mixture, which indicates a less oriented molecular chain of glutenin in extensional deformation for the dough prepared from DNS. The extensional thinning index for WW is 0.74-0.89. It is also evident from Table V that η Bmax was higher for the flour from WW than for DNS wheat or DNS+HRW wheat mixture. The dough from DNS+HRW F2 exhibited the lowest n, k, and η Bmax . The more pronounced the extensional thinning behavior and the lower η Bmax value suggest that the dough from flour of DNS+HRW F2 could be deformed to a greater extent before the structure breaks down, which gives rise to a better sheeting performance. The effect of different water content levels in doughs from WW wheat were effectively discriminated in plots of biaxial extensional viscosity versus biaxial extensional strain rate (Figs. 3 and  4) . Kruger et al (1996) pointed out that an excessive amount of water present in the dough exhibits poor sheeting properties, and insufficient water content leads to stiff and less extensible noodle sheets. In Fig. 3 , dough with 38% water content displayed lower biaxial extensional viscosity, while the dough with 32% water content exhibited higher biaxial extensional viscosity. In Fig. 4 , the η Bmax taken from the plots of extensional viscosity versus extensional strain rate versus water content (32-40%) can be described by a power relationship (P < 0.05; R = 0.98) expressed as 
where η Bmax is the maximum biaxial extensional viscosity (Pa·s) and W a is the water content of the dough (%). Osorio et al (2003) reported that biaxial extensional viscosity of flour dough at three water contents (51.1, 56.1, and 61.1%) as a function of biaxial strain rates showed a significant difference. But they did not obtain a significant correlation between the extensional viscosity and water content. Our results show that water content of dough exhibited consistent effects on the maximum extensional viscosity (η Bmax ) with a significant power relationship. As water content increases, less resistance to extension of sheeted dough is displayed, and the plasticizing effect of the water makes the dough sheet softer and flexible. Reducing water will remove the plasticizing effect of the water molecule and make the dough viscous and hard to flow. Figure 5 shows that η Bmax measured at 1.0 mm/sec crosshead speed is significantly (P < 0.05) correlated with protein contents of 7.81-18.09% (R = 0.94) by the power equation (10) where P c is the protein content of the flour (%).
The resistance to extensional deformation (the biaxial extensional viscosity) decreased as the protein content of the dough sheet increased. From Fig. 5 there is apparently a difference in the extensional viscosity between dough sheets made with flours from different cultivars of wheat. The dough prepared from soft wheat WW cultivars appears to exhibit the highest value of η Bmax and the dough from the hard wheat cultivars of mixed DNS and HRW exhibited lower value. In Fig. 5 , extensional viscosity measured at three other crosshead speeds (0.1, 0.3, and 0.5 mm/sec) was also significantly (P < 0.05) correlated with protein content by a power equation (R = 0.83, 0.88, and 0.87). Under extensional deformation, large polymers such as glutenin are extended and aligned, giving rise to interesting rheological properties of the dough. The soft wheat WW that contains less protein exhibited a slightly higher resistance (higher viscosity) to extensional deformation than the other wheat cultivars studied. This observation implies that there were more and stronger interactions among structural elements in soft wheat WW cultivars than in other wheat cultivars studied in this research. Higher protein content of the sheeted dough prepared from hard wheat cultivars of mixed DNS and HRW resulted in less resistance to the extensional deformation (i.e., biaxial extensional viscosity). The weaker interaction among the structural elements of the dough prepared from hard wheat cultivars of mixed DNS and HRW, giving rise to a high degree of extensibility, may account for the better sheeting performance. A negative and significant correlation between extensional viscosity and protein content was also reported by Salazar-Garcia et al (2003) , who conducted the extensional viscosity measurements for water absorption on flour dough prepared using a farinograph. Huang and Kokini (1993) reported that the extensional viscosity of flour dough containing 43.2% water increased with increasing protein content. The difference in the relationship between the extensional viscosity and protein content of flour in that study and the present study might be due to their use of completely developed doughs prepared in an alveograph kneader, and also to the much higher water contents of their doughs.
CONCLUSIONS
During sheeting, the dough displays a region of extensional thickening followed by a region of mild extensional thinning, which give rise to the s-shaped extensional stress-strain rate curve. The extensional thickening flow behavior of the sheeted dough is mostly due to the physical entanglements between the large glutenin molecular chains of the dough, while the extensional thinning flow behavior arises mainly from the oriented molecular chains of the glutenin. Biaxial extensional viscosity versus water content and protein content data can both be described by power relationships. Our findings suggests that the lubricated squeezing flow technique is a very useful tool to predict the extensibility characteristics of flour for the sheeting process.
